We have assumed the FRW model of the universe in Galileon gravity, which is filled with dark matter and Modified Chaplygin gas (MCG) type dark energy. We present the Hubble parameter in terms of some unknown parameters and observational parameters with the redshift z. Some cosmological parameters are reconstructed and plots are generated to study the nature of the model and its viability. It is seen that the model is perfectly consistent with the present cosmic acceleration. From observed Hubble data (OHD) set or Stern data set of 12 points, we have obtained the bounds of the arbitrary parameters (A, B) & (A, C) by minimizing the χ 2 test. Next due to joint analysis of Stern+BAO and Stern+BAO+CMB observations, we have also obtained the best fit values and the bounds of the parameters (A, B) & (A, C) by fixing some other parameters. The best-fit values and bounds of the parameters are obtained with 66%, 90% and 99% confidence levels for Stern, Stern+BAO and Stern+BAO+CMB joint analysis. Next we have also taken type Ia supernovae data set (union 2 data set with 557 data points). The distance modulus µ(z) against redshift z for our theoretical MCG model in Galileon gravity have been tested for the best fit values of the parameters and the observed SNe Ia union 2 data sample and from this, we have concluded that our model is in agreement with the union 2 sample data.
Introduction
Observational evidence strongly points to an accelerated expansion of the Universe, but the physical origin of this acceleration is still unknown. The observations include type Ia Supernovae and Cosmic Microwave Background (CMB) [1, 2, 3, 4, 5] radiation. The standard explanation invokes an unknown "dark energy" component which has the property that positive energy density and negative pressure. Observations indicate that dark energy occupies about 70% of the total energy of the universe, and the contribution of dark matter is ∼ 26%. This accelerated expansion of the universe has also been strongly confirmed by some other independent experiments like Sloan Digital Sky Survey (SDSS) [6] , Baryonic Acoustic Oscillation (BAO) [7] , WMAP data analysis [8, 9] etc. Over the past decade, there have been many theoretical models for mimicking the dark energy behaviors, such as the simplest (just) cosmological constant in which the equation of state is independent of the cosmic time and which can fit the observations well. This model is the so-called ΛCDM, containing 1 chayanranjit@gmail.com 2 prudra.math@gmail.com 3 ujjaldebnath@gmail.com a mixture of cosmological constant Λ and cold dark matter (CDM). However, two problems arise from this scenario, namely "fine-tuning" and the "cosmic coincidence" problems. In order to solve these two problems, many dynamical dark energy models were suggested, whose equation of state evolves with cosmic time. The scalar field or quintessence [10, 11] is one of the most favored candidate of dark energy which produce sufficient negative pressure to drive cosmic acceleration. In order to alleviate the cosmological-constant problems and explain the acceleration expansion, many dynamical dark energy models have been proposed, such as K-essence, Tachyon, Phantom, quintom, Chaplygin gas model, etc [12, 13, 14, 15, 16] . Also the interacting dark energy models including Modified Chaplygin gas [17] , holographic dark energy model [18] , and braneworld model [19] have been proposed. Recently, based on principle of quantum gravity, the agegraphic dark energy (ADE) and the new agegraphic dark energy (NADE) models were proposed by Cai [20] and Wei et al [21] respectively. The theoretical models have been tally with the observations with different data sets say TONRY, Gold sample data sets [22, 3, 23, 24] etc. In Einstein's gravity, the modified Chaplygin gas [17] best fits with the 3 year WMAP and the SDSS data with the choice of parameters A = 0.085 and α = 1.724 [25] which are improved constraints than the previous ones −0.35 < A < 0.025 [26] .
Another possibility is that general relativity is only accurate on small scales and has to be modified on cosmological distances. One of these is modified gravity theories. In this case, cosmic acceleration would arise not from dark energy as a substance but rather from the dynamics of modified gravity. Modified gravity constitutes an interesting dynamical alternative to ΛCDM cosmology in that it is also able to describe the current acceleration in the expansion of our universe. One of the simplest modified gravity is DGP brane-world model [27] . The other alternative approach dealing with the acceleration problem of the Universe is changing the gravity law through the modification of action of gravity by means of using f (R) gravity [28, 29] instead of the Einstein-Hilbert action. Some of these models, such as 1/R and logarithmic models, provide an acceleration for the Universe at the present time [30] . Other modified gravity includes f (T ) gravity, f (G) gravity, Gauss-Bonnet gravity, Horava-Lifshitz gravity, Brans-Dicke gravity, etc [31, 32, 33, 34, 35] .
Of late an infrared modification of classical gravitation was proposed, as a generalization of the 4D effective theory in the DGP model [36] . The theory considers a self-interaction term of the form (∇φ) 2 φ in order to recover GR in high density regions. The most striking feature of the theory is that it is invariant under the Galileon shift symmetry, δ µ φ → δ µ φ + c µ , in the Minkowski background. Due to this invariance the equation of motion remains a second order differential equation, preventing the introduction of extra degrees of freedom, which are usually associated with instabilities. So we assume the FRW universe in Galileon gravity model filled with the dark matter and the modified Chaplygin gas (MCG) type dark energy. In [37] the observational constraints of MCG was studied in RS II brane. In [38] the observational constraints of MCG was studied in LQC. Moreover in [39] the parameter constraints of MCG was studied in Einstein-Aether gravity. Motivated by these we set to constrain the parameters of MCG in Galileon gravity theory. The bounds on the parameters are to be obtained using the observational data analysis mechanism. The success of any dark energy or modified gravity model, depends basically on its consistency with the observational data. This is our basic motivation for the work. We reconstruct the hubble parameter H using the parameters of dark energy, dark matter and modified gravity. Then we set up a comparison scenario between the reconstructed H (H theoretical ) and the values of H obtained from observational data (H observational ). This is accomplished by the procedure of chi-square test.
The basic concepts of Galileon gravity theory are presented in section 2. The behaviour of some reconstructed cosmological parameters is studied in section 3. The observational data analysis tools in observed Hubble data (OHD) or H(z)-z (Stern), OHD+BAO and OHD+BAO+CMB for χ 2 minimum test will be studied in section 4 and we will also investigate the bounds of unknown parameters (A, B) & (A, C) of MCG dark energy by fixing other parameters. The best-fit values of the parameters are obtained by 66%, 90% and 99% confidence levels. The distance modulus µ(z) against redshift z for our theoretical model of the MCG in Galileon gravity model for the best fit values of the parameters and the observed SNe Ia union2 data sample. Finally the paper ends with a discussion in section 5.
Basic Equations and Solutions for MCG in Galileon Gravity Theory
The Galileon gravity theory is described by the action [36, 40, 41, 42, 43] :
where φ is the Galileon field and the coupling function f (φ) has dimension of length, (∇φ)
and L m is the matter Lagrangian. Variation of (1) with respect to the metric g µν gives the Einstein's equations,
For the Friedmann-Robertson-Walker background metric, the Einstein's field eqns for Galileon gravity gives,
and
where
Here ρ = ρ x + ρ m and p = p x + p m , where ρ m and p m are the energy density and pressure of the dark matter with the equation of state given by p m = w m ρ m and ρ x , p x are respectively the energy density and pressure contribution of some dark energy. Here we consider the universe filled with Modified Chaplygin Gas (MCG). The equation of state (EOS) of MCG is given by [17] 
We also consider the dark matter and and the dark energy are separately conserved and the conservation equations of dark matter and dark energy (MCG) are given bẏ
From first conservation equation (6) we have the solution of ρ m as
From the conservation equation (7) we have the solution of the energy density as
where C is the integrating constant, z = 1 a − 1 is the cosmological redshift (choosing a 0 = 1) and the first constant term can be interpreted as the contribution of dark energy. So the above equation can be written as
where ρ x0 is the present value of the dark energy density. 
The study of deceleration parameter is very important for any cosmological model, considering the recent cosmic acceleration. The expression for the parameter is given by,
Here we reconstruct the deceleration parameter, q for the model under consideration. Using equation (11) and (12) , the expression for q is obtained as,
EoS parameter
The Equation of state (EoS) parameter, w determines the nature of matter content of the universe. Its value gives an idea about the era of the universe. w = 1 and w = 1/3 predicts the stiff fluid and the radiation era respectively. w = 0 gives the dust era. w = −1/3 corresponds to quintessence (dark energy). w = −1 and w < −1 represent the ΛCDM and phantom era respectively. The EoS parameter can be obtained as
Here we reconstruct it for the given model, and plot it against the redshift parameter in fig.2 .
Statefinder parameters
In order to distinguish between the numerous dark energy models, Sahni et al in 2003 [47] proposed a cosmological diagnostic pair {r, s} which is known as as statefinder parameters. Since the two parameters are derived from the cosmic scale factor alone, they are dimensionless and geometrical in nature. The diagnostic pair is defined as follows:
Clear difference in trajectories are found when different dark energy models are examined in the r − s plane, thus making the pair extremely important in the study of dark energy. Here we reconstruct the diagnostic pair for the given model using equation (11) and (15) , and the simulate their nature in figs. 3, 4 and 5.
In the next section, we shall investigate some bounds of the parameters in Galileon gravity by observational data fitting. The parameters are determined by H(z)-z (Stern) or OHD, OHD+BAO and OHD+BAO+CMB joint data analysis [44, 45, 46] . We shall use the χ 2 minimization technique (statistical data analysis) to get the constraints of the parameters of MCG in Galileon gravity model. 
Observational Data Analysis
From eqn. (11), we see that H(z) contains the unknown parameters like A, B, C, Ω m0 , Ω x0 , α, n, m, ω, w m , f 0 , φ 0 . Now the relation between two parameters will be obtained by fixing the other parameters and by using observational data set. Eventually the bounds of the parameters will be obtained by using this observational data analysis mechanism. 
Analysis with Stern (H(z)-z) Data Set
We analyze the model, using observed value of Hubble parameter at different redshifts (twelve data points) listed in observed Hubble data by Stern et al [48] . The Hubble parameter H(z) and the standard error σ(z) for different values of redshift z are given in Table 1 . Since we are using testing of hypothesis, so before proceeding, we form our null and alternate hypothesis which are given below.
Null Hypothesis: Alternative Hypothesis:
Here we test the null hypothesis H 0 against the alternative hypothesis H 1 . For this purpose we first form the χ 2 statistics as a sum of standard normal distribution as follows:
where H(z) and H obs (z) are theoretical and observational values of Hubble parameter at different redshifts respectively. Here, H obs is a nuisance parameter and can be safely marginalized. We consider the present value of Hubble parameter H 0 = 72 ± 8 Kms 
Joint Analysis with Stern + BAO Data Sets
The method of joint analysis, the Baryon Acoustic Oscillation (BAO) peak parameter value has been proposed by [7] and we shall use their approach. Sloan Digital Sky Survey (SDSS) survey is one of the first redshift survey by which the BAO signal has been directly detected at a scale ∼ 100 MPc. The said analysis is actually the combination of angular diameter distance and Hubble parameter at that redshift. This analysis is independent of the measurement of H 0 and not containing any particular dark energy. Here we examine the parameters B and C for Chaplygin gas model from the measurements of the BAO peak for low redshift (with range 0 < z < 0.35) using standard χ 2 analysis. The error is corresponding to the standard deviation, where we consider Gaussian distribution. Low-redshift distance measurements is a lightly dependent on different cosmological parameters, the equation of state of dark energy and have the ability to measure the Hubble constant H 0 directly. The BAO peak parameter may be defined by
Here E(z) = H(z)/H 0 is the normalized Hubble parameter, the redshift z 1 = 0.35 is the typical redshift of the SDSS sample and the integration term is the dimensionless comoving distance to the to the redshift z 1 The value of the parameter A for the flat model of the universe is given by A = 0.469 ± 0.017 using SDSS data [7] from luminous red galaxies survey. Now the χ 2 function for the BAO measurement can be written as
Now the total joint data analysis (Stern+BAO) for the χ 2 function may be defined by
According to our analysis the joint scheme(Stern+BAO) gives the best fit values of (A, B) & (A, C) in Table  3 . 
Joint Analysis with Stern + BAO + CMB Data Sets
One interesting geometrical probe of dark energy can be determined by the angular scale of the first acoustic peak through angular scale of the sound horizon at the surface of last scattering which is encoded in the CMB power spectrum Cosmic Microwave Background (CMB) shift parameter is defined by [49, 50, 51] . It is not sensitive with respect to perturbations but are suitable to constrain model parameter. The CMB power spectrum first peak is the shift parameter which is given by
where z 2 is the value of redshift at the last scattering surface. From WMAP7 data of the work of Komatsu et al [52] the value of the parameter has obtained as R = 1.726 ± 0.018 at the redshift z = 1091.3. Now the χ 2 function for the CMB measurement can be written as
Now when we consider three cosmological tests together, the total joint data analysis (Stern+BAO+CMB) for the χ 2 function may be defined by 
Redshift-Magnitude Observations from Supernovae Type Ia
The Supernova Type Ia experiments provided the main evidence for the existence of dark energy. Since 1995, two teams of High-z Supernova Search and the Supernova Cosmology Project have discovered several type Ia supernovas at the high redshifts [1, 2, 3, 53] . The observations directly measure the distance modulus of a Supernovae and its redshift z [54, 55] . Now, take recent observational data, including SNe Ia which consists of 557 data points and belongs to the Union2 sample [56] . From the observations, the luminosity distance d L (z) determines the dark energy density and is defined by
and the distance modulus (distance between absolute and apparent luminosity of a distance object) for Supernovas is given by 
The best fit of distance modulus as a function µ(z) of redshift z for our theoretical model and the Supernova Type Ia Union2 sample are drawn in figure 12 for our best fit values of A, B and C for (Stern) + BAO + CMB joint analysis as A = −0.010, B = −27.563, C = 0.020, Ω m0 = 0.0014, Ω x0 = 0.0014, α = 0.001, n = 0.5,m = 10, ω = −3, w m = 0.03, f 0 = 0.01, φ 0 = 0.01. From the curves, we see that the theoretical MCG model in Galileon gravity is in agreement with the union2 sample data.
Discussions
In this work, we have considered the FRW universe in Galileon gravity filled with a combination of dark matter and dark energy in the form of Modified Chaplygin gas (MCG). Since, MCG is one of the candidate of unified dark matter-dark energy model. We present the Hubble parameter in terms of the observable parameters Ω m0 , Ω x0 and H 0 with the redshift z and the other model parameters like A, B, C, α n, m, ω, w m , f 0 and φ 0 . We have chosen the observed values of f 0 = 0.01, φ 0 = 0.01, α = 0.001, w m = 0.03, ω = −3, n = 0.5, m = 10, and H 0 = 72 Mpc −1 . In figure 1 , the plot of reconstructed deceleration parameter q is obtained against the redshift parameter z. It can be seen that the present universe (z = 0) is undergoing a cosmic acceleration, which is evident from the negative value of q. From the plot it can also be predicted that this acceleration will continue late in the future universe (z < 0). In figure 2 , we have obtained the plot of the EoS parameter (w) vs Redshift (z). In the curve z = 0 corresponds to w = −0.5 (approx.). Hence it is the testimony of the fact that the current epoch is dominated by dark energy and consequently accelerating in nature. It should also be noted that the curve acquires an asymptotic behavior near z = −1, which almost corresponds to w = −1. We know that physically the admissible values of the redshift parameter is z > −1. For present universe z = 0 and for future universe z < 0. In the interval −1 < z < 0, the universe continues in the accelerating phase but, the value of w > −1. This is true for almost any admissible values of the model parameters. So it may be concluded that the reconstructed model does not go beyond ΛCDM . In figures 3 and 4 the plots of the statefinder parameters (r, s) are generated against redshift. These serves the purpose of distinguishing the model under consideration with other models, presenting a unique nature to it (the model). Finally in figure 5 , the trajectories in r-s plane is obtained. It is worth noticing that r tends towards 1 as s tends towards 0. Therefore it is evident that these results tends towards the ΛCDM model. From Stern data set (12 points), we have obtained the bounds of the arbitrary parameters (A, B) & (A, C) by minimizing the χ 2 test. Next due to joint analysis of Stern+BAO and Stern+BAO+CMB observations, we have also obtained the best fit values and the bounds of the parameters (A, B) & (A, C). We have plotted the statistical confidence contour of (A, B) & (A, C) for different confidence levels i.e., 66%(dotted, blue), 90%(dashed, red) and 99%(dashed, black) confidence levels by fixing observable parameters Ω m0 , Ω x0 and H 0 and some other parameters α, n, m, ω, w m , f 0 and φ 0 for Stern, Stern+BAO and Stern+BAO+CMB data analysis.
From the Stern data, the best-fit values and bounds of the parameters (A, B) & (A, C) are obtained and are shown in Table 2 and the figures 6 & 7 shows statistical confidence contour for 66%, 90% and 99% confidence levels. Next due to joint analysis with Stern + BAO data, we have also obtained the best-fit values and bounds of the parameters (A, B) & (A, C) and are shown in Table 3 and in figures 8 & 9 we have plotted the statistical confidence contour for 66%, 90% and 99% confidence levels. After that, due to joint analysis with Stern+BAO+CMB data, the best-fit values and bounds of the parameters (A, B) & (A, C) are found and are shown in Table 4 and the figures 10 & 11 shows statistical confidence contour for 66%, 90% and 99% confidence levels. For each case, we compare the model parameters through the values of the parameters and by the statistical contours. From this comparative study, one can understand the convergence of theoretical values of the parameters to the values of the parameters obtained from the observational data set and how it changes for different parametric values. The distance modulus µ(z) has been drawn against redshift z in figure 12 for our theoretical model of the MCG in Galileon gravity for the best fit values of the parameters of Stern+BAO+CMB data and the observed SNe Ia Union2 data sample.
The observational study discovers the constraint of allowed composition of matter-energy by constraining the range of the values of the parameters for a physically viable MCG in Galileon gravity model . We have also verified that when λ is large, the best fit values of the parameters and other results of Galileon gravity model in MCG coincide with the results in Einstein's gravity [45] . When λ is small, the best fit values of the parameters and the bounds of parameters spaces in different confidence levels in Galileon gravity model can be clearly distinguished from Einstein's gravity for MCG dark energy model. From the above discussion, we can conclude that the observational data sets are perfectly consistent with our predicted theoretical MCG model in Galileon gravity. Finally, it is worth mentioning that, even though the quantum aspect of gravity have small effect on the observational constraint, but the cosmological observation can put upper bounds on the magnitude of the correction coming from quantum gravity that may be closer to the theoretical expectation than what one would expect.
